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(g) A piezoelectric actuator is driven by continu- 
ously applying a pulse voltage or an AC voltage to a 
piezoelectric element, so as to cause the piezoelec- 
tric element to generate heat because of a dielectric 
loss of the piezoelectric element itself. If the tem- 
perature of the piezoelectric element reaches a tem- 
perature not less than 15' C. moisture contained in 
atmosphere is effectively prevented from entering 
into a resin casing of the piezoelectric actuator en- 
closing therein the piezoelectric element. Otherwise, 
moisture condensation or sweating would occur on a 
surface of the piezoelectric element. Therefore, even 
if the piezoelectric actuator is used in atmosphere of 
high humidity, a discharge breakdown will not occur, 
and reliability is remarkably increased. 
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Background of the Invention 

Field of the invention 

The present invention relates to a method for 
driving a piezoelectric actuator which is formed of a 
piezoelectric effect element. 

Description of related art 

One typical piezoelectric actuator, called a 
"multilayer piezoelectric ceramic actuator", in- 
cludes a piezoelectric effect element formed by 
stacking a number of thin sheets of piezoelectric 
material in a displacement direction, so that a large 
amount of displacement can be obtained with a low 
driving voltage. An internal electrode is interposed 
between each pair of adjacent piezoelectric ma- 
terial sheets, and the internal electrodes are inter- 
connected every other one, so that all the internal 
electrodes are divided into two groups. The 
stacked piezoelectric material sheets are encap- 
sulated with a resin casing in such a manner that 
opposite end surfaces of a stacked body of piezo- 
electric material sheets are exposed but a side 
surface of the stacked body is completely covered 
by the resin casing. 

If the above mentioned piezoelectric actuator is 
used in atmosphere of high humidity, moisture 
contained in the atmosphere gradually enter the 
resin casing for a long time, and ultimately, 
reaches on a surface of the stacked body of piezo- 
electric material sheets so that moisture condensa- 
tion or sweating occurs on the surface of the 
stacked body in the Inside of the resin casing. 

For example, each of the piezoelectric material 
sheets has a thickness of about 100 ixm, and a 
voltage of 150 V is applied between two groups of 
internal electrodes. Namely, 150 V is applied 
across each piezoelectric material sheet. This 
means that an intense electric field of 1 50000 V/cm 
is applied. Due to this intense electric field and the 
moisture condensation or sweating on the surface 
of the stacked body, an electric discharge will 
occur between the internal electrodes or between 
the internal electrode and an internal wiring formed 
between the side surface of the stacked body and 
the resin casing. As a result, the piezoelectric ac- 
tuator is broken down or destroyed. 

Summary of the Invention 

Accordingly, it is an object of the present in- 
vention to provide a piezoelectric actuator driving 
method which has overcome the above mentioned 
defect of the conventional one. 

Another object of the present invention is to 
provide a piezoelectric actuator driving method ca- 



pable of preventing a discharge breakdown due to 
the internal moisture condensation or sweating, 
even if the piezoelectric actuator is used in high 
humidity atmosphere with a maximum rated volt- 

5 age for a long time. 

The above and other objects of the present 
invention are achieved in accordance with the 
present invention by a method for driving a piezo- 
electric actuator Including a piezoelectric element, 

10 by applying the piezoelectric element with an elec- 
tric voltage including a ceaselessly varying compo- 
nent, so as to cause the piezoelectric element to 
generate heat because of a dielectric loss of the 
piezoelectric element Itself, whereby moisture is 

75 prevented from entering into the inside of the pi- 
ezoelectric actuator. 

The above and other objects, features and ad- 
vantages of the present invention will be apparent 
from the following description of preferred embodi- 

20 ments of the invention with reference to the accom- 
panying drawings. 

Brief Description of the Drawings 

25 Figure 1 is a partially broken, diagrammatic per- 
spective view of one example of a multilayer 
piezoelectric ceramic actuator which can be 
driven by the driving method in accordance with 
the present invention; 

30 Figure 2 is a graph showing the result of the 
accelerated life time ratio test under moisture 
atmosphere in different driving methods of the 
piezoelectric ceramic actuator; 
Figure 3 is a graph showing a change in time of 

35 a water absorption amount of the piezoelectric 
ceramic actuator in different driving methods of 
the piezoelectric ceramic actuator; 
Figure 4 is a graph showing the relation be- 
tween the accelerated life time ratio and the 

40 temperature of the piezoelectric ceramic actu- 
ator; and 

Figure 5 is a graph showing the relation be- 
tween the driving condition and the temperature 
in a second embodiment of the piezoelectric 
45 actuator driving method in accordance with the 
present invention. 

Description of the Preferred embodiments 

50 Referring to Figure 1 , there is shown a partially 

broken, diagrammatic perspective view of one ex- 
ample of a multilayer piezoelectric ceramic actuator 
which can be driven by the driving method in 
accordance with the present invention. 

55 The shown multilayer piezoelectric ceramic ac- 

tuator includes a multilayer piezoelectric element 1 
formed by stacking a number of thin sheets 5 of 
piezoelectric ceramic material in a displacement 
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direction shown by an arrow in Figure 1, so that a 
large amount of displacement can be obtained with 
a low driving voltage. An internal electrode 6 is 
interposed between each pair of adjacent piezo- 
electric material sheets 5. 

The multilayer piezoelectric element 1 can be 
formed by alternately stacking the piezoelectric 
material sheets 5 and the internal electrodes 6 in 
such a manner that one internal electrode 6 is 
interposed between each pair of adjacent piezo- 
electric material sheets 5 and one piezoelectric 
material sheet 5 is interposed between each pair of 
adjacent internal electrodes 6 and then, sintering 
the stacked body so that the stacked piezoelectric 
material sheets 5 and internal electrodes 6 become 
integral with one another. 

In addition, at one side surface (for example, a 
right-hand front side surface in Figure 1) of the 
multilayer piezoelectric element 1, exposed por- 
tions of the internal electrodes 6 are covered or 
coated by an insulator 7, every other one, and the 
right-hand front side surface of the multilayer pi- 
ezoelectric element 1 is covered by a conductive 
film 2, so that the exposed portions of the internal 
electrodes 6 which are not covered by the insulator 
7 are interconnected by the conductive film 2. 
Similarly, at an opposite side surface (for example 
a left-hand rear side surface not shown in Figure 1) 
of the multilayer piezoelectric element 1, exposed 
portions of the internal electrodes 6 which are 
interconnected by the conductive film 2 at the 
right-hand front side surface in Figure 1, are cov- 
ered or coated by an insulator (not shown), every 
other one, and the opposite side surface of the 
multilayer piezoelectric element 1 Is covered by a 
conductive film (not shown), so that the exposed 
portions of the internal electrodes 6 which are not 
connected to the conductive film 2 at the right- 
hand front side surface in Figure 1, are intercon- 
nected by the conductive film (not shown) at the 
left-hand rear side surface of the multilayer piezo- 
electric element 1. Thus, the internal electrodes 6 
are interconnected every other one so that all the 
Internal electrodes are divided into two groups. 

A pair of lead wires 3 are soldered to the 
conductive film 2 at the right-hand front side sur- 
face of the multilayer piezoelectric element 1 and 
the conductive film (not shown) at the left-hand 
side surface (not shown) of the multilayer piezo- 
electric element 1 , respectively. 

As seen from Figure 1, the multilayer piezo- 
electric element 1 is in the form of a square col- 
umn, and four side surfaces of the multilayer piezo- 
electric element 1 are completely covered by a 
resin cover 4. Upper and bottom end surfaces of 
the multilayer piezoelectric element 1 which are not 
covered by the resin cover 5 constitute a reference 
surface and a displacement surface of displace- 



ment, respectively. 

For example, the piezoelectric ceramic sheets 
5 are formed of a ceramic thin film made of lead 
titanate zirconate and having a thickness of about 

6 100 um. The internal electrodes and the conduc- 
tive film 2 are formed of a conductive paste made 
of a silver-palladium alloy. The insulator 7 is 
formed by depositing powdered glass on predeter- 
mined portions of the multilayer piezoelectric ele- 

10 ment 1 by an electrophoretic method, and then, 
sintering the deposited powdered glass. The resin 
cover 4 is formed of epoxy insulative resin. 

Furthermore, for example the multilayer piezo- 
electric element 1 has a cross-section of 5 mm x 5 

75 mm perpendicularly to the displacement direction, 
and a height or length of 10 mm. In use. a voltage 
of 150 V at maximum is applied as the driving 
voltage. In this condition, the total displacement of 
about 10 um can be obtained in the displacement 

20 direction. 

If the above mentioned multilayer piezoelectric 
ceramic actuator is driven with a DC voltage of 150 
V under an accelerated test condition of a tempera- 
ture of 40 *C and a relative humidity of 90% to 

25 95%, failure begins to occur for a few hours. 

In one embodiment of the piezoelectric ac- 
tuator driving method in accordance with the 
present invention, on the other hand, a pulse volt- 
age having an amplitude of 150 V, a pulse width of 

30 0.15 um and a repetition frequency of 500 Hz is 
continuously applied between the pair of lead wires 
3 of the above mentioned multilayer piezoelectric 
ceramic actuator. 

In order to verify a lift extension effect of the 

35 above mentioned embodiment of the piezoelectric 
actuator driving method in accordance with the 
present invention, a reliability test was conducted 
under an accelerated lift test condition of a tem- 
perature of 40 • C and a relative humidity of 90% to 

40 95%. A mean lift time was firstly obtained by 
plotting an accumulated failure rate on a probability 
sheet, every hour, and then, MTTF (mean time to 
failure) in an actual using condition was estimated 
from the obtained mean lift time by taking an 

45 acceleration rate into consideration. 

A graph of Figure 2 shows the result of the 
reliability test. The axis of ordinates indicates a 
MTTF ratio in which the mean lift time in case of 
continuously applying a DC 150 V is deemed as 1 

50 (one). Figure 2 shows that the piezoelectric ac- 
tuator driving method of the first embodiment can 
extend the mean lift time of the piezoelectric ac- 
tuator to a length which is about fifteen times the 
mean lift time in case of continuously applying the 

55 DC 150 V. 

This effect can be Interpreted to be attributable 
to the following: By continuously applying the 
pulses to the piezoelectric element 1. the piezo- 
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electric element 1 generates heat due to dielectric 
loss and others, so that the temperature of the 
piezoelectric element 1 becomes higher than the 
temperature of the atmosphere. As a result, mois- 
ture contained in the atmosphere is prevented from 
entering the resin cover 4. 

For confirming this interpretation, the water ab- 
sorption amount of the piezoelectric element 1 (the 
amount of moisture condensation or sweating on a 
surface of the piezoelectric element) was mea- 
sured. The result is shown in Figure 3, which 
illustrates the change in time of the water absorp- 
tion amount in a first case of continuously applying 
the DC 150 V under the above mentioned at- 
mosphere and in a second case of continuously 
applying the above mentioned pulses under the 
above mentioned atmosphere. The water absorp- 
tion amount of the pulse drive case is about one- 
tenth of that of the water absorption amount in the 
case of the continuous application of DC voltage, 
and the change in time of the water absorption 
amount is smaller in the pulse drive case than in 
the case of the continuous application of DC volt- 
age. It would be understood from these facts that 
the difference in the water absorption amount re- 
sults in the difference in the lift time. 

Referring to Rgure 4. it shows a relation be- 
tween the temperature and the accelerated lift time 
ratio of the piezoelectric element 1. It would be 
understood from Figure 4 that if the temperature of 
the piezoelectric element 1 becomes not less than 
15* C, the lift time extension effect is very remark- 
ably increased, and if the temperature of the piezo- 
electric element 1 becomes not less than 30 'C, 
the lift time becomes about forty times that of the 
DC driving case. Incidentally, a remarkable effect 
of lift time extension cannot be found at a tempera- 
ture less than 15' C. The reason for this is consid- 
ered that the difference in temperature between the 
piezoelectric element 1 and the atmosphere is 
small, and therefore, is not sufficient to prevent, by 
action of the generated heat, moisture from enter- 
ing the inside of the piezoelectric actuator. 

Now, explanation will be described on a sec- 
ond embodiment of the piezoelectric actuator driv- 
ing method in accordance with the present inven- 
tion. In this second embodiment, the piezoelectric 
actuator is driven with a sine wave voltage super- 
imposed with a DC bias voltage, for the purpose of 
causing the piezoelectric element 1 to generate 
heat. The DC bias voltage is set to be larger than a 
coercive electric field of the piezoelectric element, 
in order to certainly prevent inversion of polariza- 
tion of the piezoelectric element 1 . 

The amplitude and the frequency of the sine 
wave voltage to be superimposed to the DC bias 
voltage are determined with reference to Figure 5. 
which shows the relation between the temperature 



of the piezoelectric element and the amplitude and 
the frequency of the sine wave voltage. In Figure 5, 
the axis of abscissas shows the frequency 1 (Hz), 
and the axis of ordinates shows the amplitude 

6 (peak-to-peak voltage) Vp-p (V). In addition, hatch- 
ing shows a zone in which the temperature of the 
piezoelectric element becomes not less than 15* C. 

The driving condition for ensuring that the pi- 
ezoelectric element becomes not less than 15* C 

10 can be derived from Figure 5. This driving con- 
dition can be expressed: 

Vp-p^- 113.0 • log f + 380 

75 Accordingly, if the piezoelectric actuator is 

driven so as to fulfil the above condition, a lift 
extension effect similar to that of the first embodi- 
ment can be expected. As one example, when the 
piezoelectric actuator is driven with a sine wave 

20 voltage of the amplitude Vp-p of 100 V and the 
frequency f of 300 Hz, superimposed with a DC 
bias voltage of 50 V, the temperature of the piezo- 
electric element was 18* C. 

The lift time extension effect in the case of 

2S driving the piezoelectric actuator under this con- 
dition is shown in Figure 2. The piezoelectric ac- 
tuator driving method of the second embodiment 
can extend the mean lift time of the piezoelectric 
actuator to a length which is about thirteen times 

30 the mean lift time of the continuous DC drive. 

Next, a third embodiment of the piezoelectric 
actuator driving method will be described. In the 
third embodiment, the piezoelectric actuator is con- 
tinuously driven with an AC voltage so as to cause 

35 the piezoelectric element to generate heat. In this 
case, a voltage is applied in a direction opposite to 
a previously polarized direction, differently from the 
first and second embodiments. Since the piezo- 
electric element is formed of a ferroelectric ma- 

40 terial, if a reversed voltage larger than a coercive 
electric field is applied, the polarization direction is 
inverted. In the driving method accompanying with 
the inversion of the polarization, therefore, a hyster- 
esis loss including the dielectric loss is large. Ac- 

45 cordingly, if the piezoelectric actuator is continu- 
ously driven with an AC voltage, the heat genera- 
tion of the piezoelectric element Is very large. 

In the third embodiment for example, the pi- 
ezoelectric actuator was driven with an AC voltage 

50 of the amplitude Vp-p of 140 V and the frequency / 
of 50 Hz. In this case, the temperature of the 
piezoelectric element was 90 'C. In addition, the lift 
time extension effect can be confirmed. 

In the first to third embodiments, the piezoelec- 

55 trie actuator was driven with the rectangular or 
since wave voltage (pulse voltage or AC voltage). 
However, the piezoelectric actuator driving method 
of the present invention is in no way limited to 
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these voltage waveforms. If it Is possible to cause 
the piezoelectric actuator to generate heat, any 
voltage waveform including a triangular wave or a 
sawtooth wave can be used, and a similar effect 
can be obtained. 6 

The invention has thus been shown and de- 
scribed with reference to the specific embodi* 
ments. However, it should be noted that the 
present invention is in no way limited to the details 
of the Illustrated structures but changes and modi- io 
fications may be made within the scope of the 
appended claims. 

Claims 



1. A method for driving a piezoelectric actuator 
including a piezoelectric element, by applying 
said piezoelectric element with an electric volt- 
age including a ceaselessly varying compo- 
nent, so as to cause said piezoelectric element 
to generate heat because of a dielectric loss of 
said piezoelectric element itself, whereby 
moisture is prevented from entering into the 
inside of the piezoelectric actuator. 



pulse voltage or an AC voltage so as to cause 
said piezoelectric element to heat itself to a 
temperature not less than 15* C, whereby 
moisture is prevented from entering into the 
inside of the piezoelectric actuator. 

8. A method for driving a piezoelectric actuator 
including a multilayer piezoelectric element, by 
applying said piezoelectric element with an AC 
voltage superimposed with a DC voltage larger 
than a coercive electric field of said piezoelec- 
tric element, so as to cause said piezoelectric 
element to heat itself to a temperature not less 
than 15" C, whereby moisture is prevented 

75 from entering into the inside of the piezoelec- 

tric actuator. 

9. A method claimed in Claim 8 wherein said AC 
voltage has the peak-to-peak voltage value Vp- 

20 P (V) and the frequency f (Hz) expressed as 

follows: 

Vp-p = - 113.0 • log / + 380 



25 

2. A method claimed in Claim 1 wherein said 
piezoelectric element is continuously applied 
with a pulse voltage. 

3. A method claimed in Claim 1 wherein said so 
piezoelectric element is continuously applied 

with an AC voltage. 

4. A method claimed in Claim 1 wherein said 
piezoelectric actuator is driven by applying 35 
said piezoelectric element with an AC voltage 
superimposed with a DC voltage larger than a 
coercive electric field of said piezoelectric ele- 
ment, so is to cause said piezoelectric element 

to heat itself to a temperature not less than 40 
15*C. 

5. A method claimed in Claim 4 wherein said AC 
voltage has the peak-to-peak voltage value Vp- 

p (V) and the frequency / (Hz) expressed as 45 
follows: 

Vp-p^ - 113.0 • log / + 380 



6. A method claimed in Claim 1 wherein said 
piezoelectric element Is driven so as to heat 
itself to a temperature not less than 15* C. 

7. A method for driving a piezoelectric actuator 
including a multilayer piezoelectric element, by 
applying said piezoelectric element with a 
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